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Glutathione redox cycle enzymes and selenium in
severe rheumatoid arthritis: lack of antioxidative
response to selenium supplementation in
polymorphonuclear leucocytes
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Abstract
The antioxidant capacity of the glutathione
redox cycle and the concentrations ofselenium
in serum, red blood ceils or whole blood, and
polymorphonuclear leucocytes was evaluated
in ninepatients with severerheumatoid arthritis
(RA) and eight healthy controls receiving daily
supplementation with 250 jg selenomethionine
for six months. Serum and whole blood
concentrations of selenium and the activity of
the selenium dependent enzyme glutathione
peroxidase (GSH-Px) were low in the serum,
red blood cells, and polymorphonuclear
leucocytes ofpatients with RA before selenium
supplementation. During supplementation
serum and whole blood concentrations of
selenium and the activity of GSH-Px in serum
and red blood cells of patients with RA and
serumGSH-Px in controls increased. Selenium
and GSH-Px in polymorphonuclear leucocytes
were unaffected in patients withRA in contrast
with the controls where both were augmented.
Glutathione reductase activity in the red
blood cells and polymorphonuclear leucocytes
of patients with RA was low but increased
during selenium supplementation. Whole
blood concentrations of glutathione were
slightly lower in patients with RA than
controls and no difference in the content
in polymorphonuclear leucocytes was found
between the groups. The activity in red blood
cells of glucose-6-phosphate dehydrogenase
was high in patients with RA, indicating
sufficient function of the hexose mono-
phosphate pathway. The reduced antioxidant
activity of the glutathione redox cycle in
patients with severe RA was mainly due to the
low availability of selenium. This was further
supported by the response to selenium
supplementation in serum and red blood ceils.
In the polymorphonuclear leucocytes, how-
ever, no biochemical effects of selenium
supplementation were seen. This lack of
antioxidative response could play a patho-
genetic part in inflammation in patients with
RA.

(Ann Rheum Dis 1992; 51: 1044-1049)

Many studies indicate that free oxygen radicals
affect the pathogenesis of rheumatoid arthritis
(RA) as mediators of inflammation or tissue
destruction, or both.' Several studies have
evaluated separate parts of the antioxidative
system including parts of the glutathione redox
cycle. Glutathione has been shown to be

reduced in red blood cells of patients with RA
and this is probably related to disease activity.2 3
Reports disagree as to whether the levels of the
selenium dependent enzyme glutathione perox-
idase (GSH-Px) are reduced,' normal,7-9 or
even increased'0 in RA. The disagreement may
originate in the variability of the patients
studied." A low selenium level in the serum
and red blood cells of patients with RA has been
reported in areas of relatively low and high
natural dietary selenium intake.'2'6 Selenium
supplementation within a nutritional range has
been shown to increase the concentration of
selenium in serum and red blood cells and to
stimulate GSH-Px in serum and red blood cells
but not in polymorphonuclear leucocytes.4
The glutathione redox cycle is part of the

defence against the toxicity induced by free
oxygen radicals. The cycle comprises glutathione
(the tripeptide y-glutamylcysteinylglycine) and
the enzymes GSH-Px and glutathione reductase
(GSSG-R). The system is coupled to the hexose
monophosphate pathway by NADP (nico-
tinamide adenine dinucleotide phosphate),
which is used in the glutathione reductase
reaction (fig 1). The net result of the cycle
reaction is the reductive capacity of GSH-Px,
which catabolises hydrogen peroxide and organic
peroxides into non-toxic compounds.
The aim of this study was to evaluate the

antioxidative capacity of the entire glutathione
redox cycle and relate this to the concentrations
of selenium in serum, red blood cells, and
polymorphonuclear leucocytes before and
during six months of supplementation with
selenium.

Patients and methods
PATIENTS AND CONTROLS
The study included nine patients with severe
active RA selected on the following criteria:

ROOH GSH Y NADP y G-6-P
H202

GSH-Px GSSG-R G-6-PD

ROH *"'GSSG J0 NADPH4J - HMP
H,O

Figure ! Glutathione redox cycle. ROOH/ROH=peroxy
radicallakohol; H202=hydrogen peroxide;
GSH-Px=glutathione peroxidase; GSH/GSSG=reducedl
oxidised glutathione; GSSG-R =glutathione reductase;
NADPH/NADP= reducedloxidised nicotinamide adenine
dinucleotide phosphate; G-6-PD=glucose-6-phosphate
dehydrogenase; G--P=glucose-6-phosphate; and
HMP=hexose monophosphate.
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(a) radiological joint erosions typical of RA;
(b) positive reactions for IgM rheumatoid
factor; (c) more than seven joints or groups of
joints with active arthritis (when assessing the
number of joints affected, each group of meta-
carpophalangeal, proximal interphalangeal, and
distal interphalangeal joints of one hand, and
also each group of metatarsophalangeal,
proximal interphalangeal, and distal inter-
phalangeal joints of one foot were counted as
one joint); (d) haemoglobin concentration less
than 113 g/l for women and less than 129 g/l for
men; and (e) erythrocyte sedimentation rate
(ESR) of more than 40 mm/hour. The study
excluded patients who had been receiving
selenium supplements less than three months
before the study or who had previously used
selenium supplementation other than selenite.
Patients with other major diseases and patients
receiving systemic corticosteroid treatment
were also excluded. The controls consisted of
eight healthy subjects not previously supple-
mented with selenium. In the RA group were
eight women and one man. The mean age was
54-1 years (range 24-1-72-6). The number of
joints with active arthritis was nine (range eight
to 12). The haemoglobin concentration was 108
g/l (range 100-127) and the ESR 67 mm/hour
(range 45-93). Four patients were receiving
methotrexate, two D-penicillamine, two aurano-
fin, and one sodium aurothiomalate. All also
received non-steroidal anti-inflammatory drugs
(NSAIDs). In the control group five were
women and three men and their mean age was
47-2 years (range 34-1-54-8). Patients and
controls received a supplement of 250 [ig
selenium as L-selenomethionine (Pharma-Nord.
Denmark) daily for six months.

ANALYTICAL PROCEDURES
Blood samples were obtained by venous
puncture using dry or heparinised tubes. The
samples were drawn two weeks before supple-
mentation, at the start of supplementation, and
after three and six months. Preparation of the
samples for analysis began immediately after the
blood was obtained. Polymorphonuclear leuco-
cytes were isolated from defibrinated blood by
sodium metrizoate-Ficoll centrifugation (Lym-
phoprep, Nyegaard, Oslo, Norway). Contami-
nating erythrocytes were lysed by water. The
final cell suspension contained at least 95%
polymorphonuclear leucocytes. The cells were
suspended in 0-175 mol/l KC1.

Samples for glutathione determination were
assayed immediately after preparation. After
separation into the relevant fractions the
samples for determination ofGSIJ-Px, GSSG-R,
and glucose-6-phosphate dehydrogenase
(G-6-PD) were frozen at -60°C. These analyses
were carried out within one week of collection.
Repetition of assays in red blood cells and
serum samples showed that enzymatic activities
remained stable for at least four weeks. The
samples for the determination of selenium were
frozen at -60°C until analysis. All analyses
except the particle induced x-ray emission
(PIXE) analyses were performed in duplicate.
Reduced glutathione was determined by the

method of Beutler et al."7 Fresh whole blood
(0-2 ml) or 0 4 ml polymorphonuclear leucocyte
homogenate was diluted with 1 8 ml distilled
water and mixed with 3 ml of a precipitating
solution (1 67 g metaphosphoric acid, 0-2 g
EDTA(Na2), and 30 g NaCl in 100 ml water).
After filtration 2 ml filtrate, 8 ml 0 3 mol/l
Na2HPO4 and 1 ml 5.5'-dithiobis-(2-
nitrobenzoic acid) (DTNB) reagent (40 mg
DTNB in 100 ml 1% sodium citrate) were
mixed and the absorbance was measured at 412
nm. A freshly prepared glutathione solution
I0O2 g in 1 litre water) was used as a standard.
Water or 0 175 mol/l KCI was used in the blank.
Concentrations are expressed in mmol/l in
whole blood and mmol/g protein in poly-
morphonuclear leucocytes. The coefficient of
variation (CV) was 7% in whole blood and 14%
in polymorphonuclear leucocytes.
GSH-Px (E.C. 1.11.1.9) was determined by

the modified method of Paglia and Valen-
tine. 18 The reaction mixture contained 50
mmol/l sodium phosphate buffer (pH 7 4), 1
mmol/l EDTA(Na2), 800 U/I GSSG-R, 3 75
mmol/l NaN3, 5 mmol/l glutathione, 280 itmol/I
NADPH, and 45 mmol/l t-butyl hydro-
peroxide and 50 ,ul haemolysate of red blood
cells, undiluted serum or suspension of poly-
morphonuclear leucocytes. Before the addition
of t-butyl hydroperoxide the reaction mixture
was allowed to incubate (five minutes at 22°C).
After the addition of t-butyl hydroperoxide the
decrease in reduced NADPH was followed at
340 nm. Water or 0 175 mol/l KCI were used as
blanks. The within batch CV in red blood cells
was 6%, in serum 5%, and in polymorpho-
nuclear leucocytes 10%.
GSSG-R (E.C. 1.6.4.2) was determined by

the method described by Jensen and Clausen. 19
The reaction mixture contained 50 mmol/l
sodium phosphate buffer (pH 7-4), 1 mmol/l
EDTA(Na2), 280 pumol/l NADPH, and 2-5
mmol/l GSSG. The source of enzyme was 10 Ill
haemolysate of red blood cells or 100 1i homo-
genate of polymorphonuclear leucocytes.
Oxidation ofNADPH was measured at 340 nm.
The within batch CV in red blood cells was 11%
and in polymorphonuclear leucocytes 13%.
G-6-PD (E.C. 1.1.1.49) was determined by

the modified method of Kirkman.20 The
reaction mixture contained 0-3 mol/l TRIS/HCI
buffer (pH 8-0), 0.01 mol/l MgCI2, 3 mmol/l G-
6-PD, and 0-2 mmol/l NADP. The source of
enzyme was 20 tLd haemolysate of red blood
cells. The CV in red blood cells was 3%.
To ensure stable analytical conditions internal

standards were used in the analysis of GSH-Px,
GSSG-R, and G-6-PD in red blood cells. The
interassay CV was 11, 17, and 6% respectively.
The enzyme activity was expressed in katals
(kat). One katal corresponds to the conversion
of one mole of NADP/NADPH per second.
The activity in red blood cells is expressed as
mkat/mol of haemoglobin; in plasma and poly-
morphonuclear leucocytes as ,ukat/g protein.

Concentrations of selenium in plasma and
polymorphonuclear leucocytes were determined
using the multielement PIXE technique.2'
Seronorm TM trace elements serum batch
No 112 was used as the standard. Selenium in
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whole blood was determined by a fluorometric
method as modified by Thorling et al.22

STATISTICS
The results were processed by analysis of
variance using the SPSS/PC+ program package.
The variables were initially examined graphically
to confir the presence of a normal distribution.
The assumption of variance homogeneity was
tested by Bardett's test. A logarithmic trans-
formation was used to stabilise the variances
with respect to the selenium concentration data.
Multivariate MANOVA (repeated measures)
was used to test the effects of time on the
biochemical variables among the patients with
RA and the control group as well as the time

Figure 2 Concentrations
ofselenium and activity of
glutathione peroxidase
(GSH-Px)-in serum of
patients with rheumatoid
arthritis (RA) and controls
during selenium
supplementation.
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Figure 3 Concentrations
ofselenium in whole blood
and activity ofglutathione
peroxidase (GSH-Px) in
red blood cells ofpatients
with rheunatoid arthritis
(RA) and controls during
selenitu supplementation.
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effect in the individual groups. To test differ-
ences within the groups a paired sample t test
was also used. The difference between the
groups at the start of the study was tested by a
two sample t test. The level of significance
indicated is 5%. The values obtained at analyses
two weeks before supplementation and before
the start of the supplementation were calculated
as one point.

ETHICS
The study was approved by the local medical
ethics committee of Aarhus county.

Results
Except for two patients with RA who discon-
tinued supplementation after three months all
patients with RA and controls completed the six
month supplementation period without any
reported side effects.

Selenium concentrations in serum and whole
blood were significantly lower in patients with
RA than in the controls (mean (SD) serum
selenium 61 (17) tig/l v 89 (12) [tg/l; whole
blood selenium 95 (14) ,ug/l v 125 (13) [tg/l).
During supplementation a significant increase
was seen, reaching a level that did not vary
significantly between the groups (figs 2 and 3).
No plateau was reached in serum or whole
blood samples for the patients with RA, contrary
to the controls who reached a plateau after three
months. Selenium in polymorphonuclear leuco-
cytes was significantly lower in the patients with
RA than in the controls. Bexore supplementation
no difference was found between the groups.
Selenium supplementation did not affect the
selenium level in polymorphonuclear leucocytes
in the patients with RA but caused a significant
increase in the controls (fig 4).
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Figure 4 Concentrations ofselenium and activity of
glutathione peroxidase (GSH-Px) in polymorphonuclear
leucocytes ofpatients with rheumatoid arthritis (RA) and
controls during selenium supplementation.
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The patients with RA had a significantly
lower serum GSH-Px activity level than the
controls before supplementation but the two
groups experienced a significant increase during
supplementation and after six months no dif-
ference was seen (table 1 and fig 2). GSH-Px
activity in red blood cells was significantly lower
in the patients with RA before supplementation
and selenium supplementation increased the
activity in patients with RA to a level not
different from the controls. In the controls no

changes were seen during supplementation
(table 1 and fig 3). GSH-Px was significantly
lower in the polymorphonuclear leucocytes in
the group with RA than in the controls before
and during supplementation. No significant
change was seen during supplementation in the
group with RA whereas a borderline signi-
ficant increase was seen among the controls
(MANOVA, repeated measures; p=0055)
(table 1, fig 4).
GSSG-R activity in red blood cells was

significantly lower in the patients with RA than
in the controls before supplementation. Supple-

mentation increased the activity in patients with
RA to a level significantly above that of the
controls, whereas no changes were seen in the
control group (table 2). GSSG-R in poly-
morphonuclear leucocytes did not differ signifi-
cantly between the groups although the level
tended to be lower in the patients with RA
before supplementation and after three months
(MANOVA, repeated measures; p=0 13).
During supplementation a significant increase
was seen in the rheumatoid arthritis group and
the level tended to be higher than that of the
controls. No change was seen in the controls
during supplementation (table 2).

Glutathione concentrations in whole blood
were slightly but not significantly lower in
the patients with RA than in the controls
(MANOVA, repeated measures; p=0 07). No
significant differences between the groups were
recorded before supplementation. Supple-
mentation had no effect in either of the groups

(table 3). No significant differences were found
among patients with RA and controls with
respect to glutathione content in polymor-

Tabk I Glutathione peroxidase (GSH-Px) activity in serum, red blood cells (RBC) and polymorphonuclear leucocytes
(PMN) in controls (C) and patients with rheumatoid arthritis (RA) during selenium supplementation

Group Month 0 Month 3 Month 6

Serum GSH-Px (pkat/g protein) C 0-116 (0-024) 0-135 (0-016) 0-123 (0-022)
(0-097-0-136)* (0 121-0 148) (0 105-0 142)

RA 0 077 (0-024) 0 085 (0 022) 0 115 (0-025)
(0 059-0096) (0-068-0101) (0 092-0 138)

RBC GSH-Px (mkat/mol haemoglobin) C 452 (11-2) 403 (10-6) 438 (74)
(35-8-54 6) (31-4-49-2) (37 7-50 0)

RA 24-6 (6 8) 29-2 (9-1) 42-6 (12-8)
(19-4-29-8) (22-2-36-2) (30 8-54-4)

PMN GSH-Px (ikat/g protein) C 0-72 (0-18) 1-15 (0-61) 1-04 (0 30)
(0 57-0-86) (0-65-1-66) (0-79-1-28)

RA 0 52 (0-16) 0-37 (0-23) 0 56 (0-14)
(0 39-0-64) (019-0-55) (0 44-0 69)

*Results given as mean (SD); 95% confidence interval for mean in parentheses.

Table 2 Glutathione reductase (GSSG-R) activity in red blood cells (RBC) and polymorphonuclear leucocytes (PMN)
in controls (C) and patients with rheumatoid arthritis (RA) during selenium supplementation

Group Month 0 Month 3 Month 6

RBC GSSG-R (mkat/mol haemoglobin) C 2 57 (0 44) 1-83 (0 65) 2-24 (0 88)
(2 20-2-93)* (1-23-2-43) (1-51-2 98)

RA 1-62 (0 38) 2-11 (097) 2-48 (0-71)
(1 32-1 91) (1-30-2-92) (1-83-3-14)

PMN GSSG-R (tkat/g protein) C 0-46 (0-14) 0-39 (0-19) 0-48 (0 33)
(0-34-057) (0-23-0-54) (0-21-0-75)

RA 0 34 (0-18) 0-27 (0 15) 0 56 (0 19)
(0 19-0-47) (0 16-0-39) (0 39-0 74)

*Results given as mean (SD); 95% confidence interval for mean in parentheses.

Table 3 Glutathione (GSH) concentrations in whole blood and polymorphonuclear leucocytes (PMN) and glucose-6-
phosphate dehydrogenase (G-6PD) activity in red blood cells (RBC) of controls (C) and patients with rheumatoid arthritis
(RA) during selenium supplementation

Group Month 0 Month 3 Month 6

Whole blood GSH (mmol/l) C 1 09 (0 09) 1O01 (0-16) 1-00 (0-16)
(1I 00-1 *19) " (0-88-1-*14) (0-86-1 *13)

RA 0-97 (0-16) 0-98 (0-16) 0-91 (0-18)
(0-85-1*10) (0-86-1*10) (0-72-1*10)

PMN GSH (mmol/g protein) C 0-11 (0 08) 0-14 (0 05) 0-08 (0-04)
(0 04-0 18) (0 09-019) (0-05-0 12)

RA 0-08 (0-02) 0 05 (0 04) 0 07 (0-02)
(0 07-010) (0-02-009) (0 05-009)

RBC G-6-PD (mkat/mol haemoglobin) C 2-20 (0-48) 2-05 (0 57) 1 84 (0 63)
(1 75-264) (1-57-2-53) (1-332-36)

RA 2-28 (045) 3-02 (0 88) 2 41 (0 43)
(194-2 62) (2 29-376) (2-01-2-80)

*Results given as mean (SD); 95% confidence interval for mean in parentheses.
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phonuclear leucocytes and no change in either
of the groups was seen during supplementation
(table 3).
G-6-PD in red blood cells was significantly

higher in the patients with RA throughout the
study. No difference between the groups was
recorded before supplementation. No change
was seen during supplementation in either of
the groups (table 3).

Discussion
The patients with RA in this study belong to a
subset of patients with RA with persistently
high disease activity who had not responded to
conventional treatment with disease modifying
drugs. The finding of low selenium concen-
trations in serum and whole blood samples
agrees with previous data23 and may be inter-
preted as a response to arthritis activity.4 15
Selenium supplementation increased the sel-
enium concentration in the serum and whole
blood of patients with RA and controls and no
significant differences were observed between
the groups at the end of supplementation.
Patients with RA had a reduced selenium
concentration in polymorphonuclear leucocytes
which was unaffected by selenium supple-
mentation. This is in contrast to the increase
found in the controls during supplementation
and suggests that the selenium metabolism in
active RA is affected in the polymorphonuclear
leucocytes, probably as a result of the impaired
uptake of selenium during the formation of cells
in the bone marrow. Previously only one study
has dealt with the content of selenium in
polymorphonuclear leucocytes in patients with
RA. Applying the nuclear microprobe PIXE
technique to individual polymorphonuclear
leucocytes Lindh and Johansson24 could only
trace selenium in the polymorphonuclear leuco-
cytes of the controls and not in the three
patients with RA studied. Using the same
technique selenium supplementation (200 ,ug
selenite/day) was found to increase the content
of selenium in polymorphonuclear leucocytes
in one healthy subject.25
The function of GSH-Px and thereby the net

antioxidant capacity of the glutathione redox
cycle is dependent on: (a) the available amount
of selenium for de novo synthesis ofGSH-Px; (b)
the intracellular concentration of glutathione;
(c) the activity of GSSG-R; and (d) the NADPH
generation through hexose monophosphate
pathway activity. In this study several com-
ponents of the glutathione redox cycle were
impaired before selenium supplementation.
The G-6-PD activity in red blood cells was

significantly higher in the patients with RA than
in the controls and no changes occurred during
supplementation in either of the groups. The
continuously high activity of G-6-PD despite
increased GSH-Px/GSSG-R activity suggests
that at least in the red blood cell the generation
of NADPH is sufficient. In lymphocytes of
patients with RA normal production of NAD+,
NADH, NADP(H) and ATP has been found.26
It may be assumed that similar conditions are
found in the polymorphonuclear leucocytes,
though we have no data to support it. Thus the

low activity of GSH-Px and GSSG-R in red
blood cells and polymorphonuclear leucocytes
in patients with RA is likely to be explained by
either a lack of glutathione or a low selenium
level. The glutathione content in red blood cells
and polymorphonuclear leucocytes was slightly
lower, but no changes were observed when
GSH-Px and GSSG-R activities increased. This
suggests that the level of glutathione does not
limit the glutathione cycle activity. GSSG-R is
not a selenium dependent enzyme and the
increase in red blood cells and polymorpho-
nuclear leucocytes may be interpreted as a
response to increased glutathione cycle activity
mediated through GSH-Px. The polymor-
phonuclear leucocytes of the patients with RA
showed a low activity of GSH-Px and the level
of GSSG-R also tended to be low. Contrary to
the enzyme activity in red blood cells and
serum, selenium supplementation did not affect
GSH-Px in polymorphonuclear leucocytes in
patients with RA whereas an increase was seen
in the polymorphonuclear leucocytes of the
controls. This is in accordance with our previous
findings,4 and may be explained by the insuf-
ficient increase in selenium in polymorpho-
nuclear leucocytes leading to impaired de novo
synthesis ofGSH-Px. In the polymorphonuclear
leucocytes of the controls a significant increase
was found in selenium content and GSH-Px
activity, which indicates that the enzyme is
unsaturated at the presupplementation level
in healthy subjects. In studies of patients
developing selenium deficiency during paren-
teral nutrition the increase in GSH-Px in red
blood cells and polymorphonuclear leucocytes
has been found to be consistent with the
kinetics of production of red blood cells and
polymorphonuclear leucocytes.27

Several studies have suggested a state of
increased oxidative stress and reduced ability to
resist attack by radicals in RA.28 GSH-Px may
be inactivated during oxidative stress29 and
several experimental studies have indicated that
interference with the glutathione peroxidase/
reductase system makes cells more susceptible
to oxidative damage.3"32
The total antioxidative capacity of the

glutathione redox cycle in patients with RA is
improved in red blood cells and serum after
selenium supplementation but not in the poly-
morphonuclear leucocytes, which may agree
with the lack of clinical response to selenium
supplementation in patients with RA.3 GSH-
Px deficient polymorphonuclear leucocytes
seem insufficiently protected when exposed to
radicals34 3 and damage of the polymorpho-
nuclear leucocytes may enhance tissue damage
during inflammation. Thus a lack of anti-
oxidative response to selenium supplementation
in polymorphonuclear leucocytes could have a
pathogenetic role in joint destruction in patients
with RA.
Supported by the Danish Rheumatism Association Grant No.
223-493-2.12.88, and Aarhus University Research Foundation
Grant No. F-1989-LF-1-56.
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